Biological cells are complex and highly dynamic: Many macromolecules are organized in loose assemblies, clusters or highly structured complexes, others exist most of the time as freely diffusing monomers. They move between regions and compartments through diffusion and enzyme-mediated transport, within a heavily crowded cytoplasm. To make sense of this complexity, computational models, and, in turn, quantitative in vivo data are needed. An array of fluorescent microscopy methods is available, but due to the inherent noise and complexity inside the cell, they are often hard to interpret. Using the example of fluorescence recovery after photobleaching (FRAP) and the bacterial chemotaxis system, we are here introducing detailed spatial simulations as a new approach in analysing such data.
INTRODUCTION

1.1
Bottom-up Systems Biology takes the data produced in experimental approaches such as Molecular Biology and Genetics and builds them into computational models that simulate systems in their complexity. These aim to test whether the current concepts and thought models can work, and to find new and emergent properties in the system. Benefits of this approach include that the models are easily manipulated, allowing a test of more, and more sophisticated, variations than would be feasible experimentally, and that details can be observed which are beyond the resolution of current experimental methods.
For the simulations to be meaningful, the data they are built from have to be as good as possible. In Cellular Systems Biology, it is not only important to know which molecules react, but the rates of their binding, unbinding, and reactions; how quickly they diffuse, move or are moved; how many there are, and where they are located at which time. Most of these values are significantly different in vitro than in the context of a living cell. Macromolecular crowding slows down diffusion, enhances association over dissociation, and allows reactions that would be impossible in an aqueous solution (Lipkow et al., 2004; Minton, 2001) . Organisation in loose assemblies, clusters or highly structured complexes enhance effectiveness (Bray et al., 1998; Sourjik and Berg, 2004 ).
Separation onto compartments or regions keeps potentially volatile partners apart.
An array of new methods has been developed in the past few years to fulfil the need for quantitative in vivo data, most notably those based on fluorescent microscopy (Lippincott-Schwartz and Patterson, 2003; Phair and Misteli, 2001; Verveer and , 2008) . Due to the complexity of biological systems, however, their interpretation is not always straightforward. We here present a novel approach in which computational simulations are not only used to model existing data, but to extract numerical values from quantitative microscopy.
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1.2
The Escherichia coli chemotaxis system allows the bacteria to swim to their optimum environment (Figure 1) . It depends on two large multiprotein complexes: inputs are detected by a cluster of receptors and associated proteins at one end of the cell while laterally positioned flagellar motors generate the system's output (Kentner and Sourjik, 2006; Wadhams and Armitage, 2004) . A small protein, CheY, achieves communication between these two complexes by diffusing through the cytoplasm. This protein is phosphorylated by the histidine kinase CheA, associated with the inner face of the receptor cluster, at a rate that depends on chemotactic stimulation. From there, phosphorylated CheY (CheYp) diffuses to the four-or-so motors, where it causes a change in rotational switching frequency according to its local concentration. The signal is initiated and terminated through the level of kinase activity. It adapts to constant stimulus levels and returns to its steady-state value through changes in receptor methylation by the enzymes CheR and CheB. The signal is also stopped directly through dephosphorylation of CheYp, which is promoted by the protein CheZ. CheZ, a long dimeric protein, is partially diffusing in the cytoplasm and partially bound to receptor cluster via CheA S , a translational variant of the CheA kinase.
The bacterial chemotaxis system is arguably the best-studied signal transduction system in biology. All components are known, as well as their structures, copy numbers,
localisations, and much of the reaction kinetics (Li and Hazelbauer, 2004; Wadhams and Armitage, 2004; http://www.pdn.cam.ac.uk/groups/comp-cell/Data.html) . This wealth of knowledge has made it a favoured subject of mathematical and computational models (Barkai and Leibler, 1997; Bray and Bourret, 1995; Bray et al., 1993; Bray et al., 2007; Mello and Tu, 2003; Shimizu et al., 2003) . Most treat the bacterium as well-stirred solution. We pioneered a spatial model of the E. coli cell and its chemotaxis pathway using the Brownian dynamics algorithm Smoldyn (Lipkow, 2006; Lipkow et al., 2005; Lipkow and Odde, 2008) , which models the movements and reactions of each relevant molecule at high spatial and temporal resolution (Andrews and Bray, 2004;  http://www.smoldyn.org/). Building these models from published data, not much information was available on 3D protein dynamics. We therefore set out to determine the diffusion coefficients and cluster interaction dynamics of the signalling molecule and its phosphatase, CheY and CheZ. The analysis of FRAP data obtained on bacteria poses special challenges due to the small cell size (Elowitz et al., 1999) . The low copy number of proteins results in a very noisy signal. Analysis is furthermore complicated by changing properties of molecules such as CheY and CheZ, which shuttle between a cytoplasmic and a clustered localisation. Here, we describe the use of Smoldyn simulations that deal with these problems of analysis by replicating all relevant aspects of the system. By building a cell and chemotaxis system with known parameters and varying those numbers which we were aiming to find out, we were able to deduce the missing parameters from the curves which best matched the experimental results. (Cantwell et al., 2003) . VS100/pVS18 and BC200 are wildtype for chemotaxis when induced with 0.05 mM and 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG)
MATERIALS AND METHODS
Bacterial Strains and Constructs
respectively (Cantwell et al., 2003; Sourjik and Berg, 2002b ).
Sample Preparation
Motile cells were grown and prepared as described (Sourjik and Berg, 2004) . Briefly, overnight cultures were grown while shaking in tryptone broth supplemented with 25 µg/ml of ampicillin (TB/amp) at 30ºC. Overnight cultures were diluted 1:100 into TB/amp containing IPTG (0.05 mM for VS100/pVS18 and 1 mM for BC200) and allowed to grow for 4 hr in a rotary shaker at 30ºC. Slides were prepared by dispensing 100 µl of poly-L-lysine to each well of an 8-chambered open slide. Mid-exponential cell suspensions were concentrated by centrifugation three-fold, and 100 µl of this suspension was applied to each well, incubated for 20 min, and washed three times with 100 µl M A N U S C R I P T
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8 tethering buffer (67 mM NaCl, 10 mM potassium phosphate (pH 7), 100 µM EDTA, 1 µM L-methionine, 10 mM sodium lactate (pH 7.0) (Khan et al., 2004) ).
FRAP Microscopy and Analysis
Cell populations were screened for the presence of polar clusters on a Zeiss
Axioplan microscope with a Plan Apochromat 40x 1.0 NA oil immersion objective at room temperature (~22ºC). Cells exhibited a pronounced cluster of fluorescence at one or both poles or were uniformly fluorescent.
Confocal microscopy and FRAP were performed at room temperature ( 
Smoldyn Simulations
Simulations were performed with version 1.58 of the Brownian Dynamics simulator Smoldyn (Andrews and Bray, 2004) ; http://www.smoldyn.org/]. The simulations were set up by modelling a single bacterium as a rectangular box of 1.2 µm x 0.88 µm x 0.88 µm, having the same volume and proportion as an average E. coli cell.
For FRAP experiments on cells lacking polar clusters, the cell volume was partitioned into a "bleached zone" occupying 1/3 of the cell with the remainder being the "unbleached zone". The cell was populated with randomly positioned protein molecules, based on published estimates: We chose 16,000 CheY-YFP monomers, as measured for our induction conditions (Sourjik and Berg, 2002a) , and 1,600 CheZ dimers, as measured in wildtype cells in rich medium (Li and Hazelbauer, 2004) . For modelling FRAP experiments on cells with polar clusters, the bleached volume was taken to be approximately diffraction limited (0.3 µm x 0.88 µm x 0.88 µm). The bleached zones in both cases mimicked the standards used in the experiments. The cluster was modelled as a 0.72 µm x 0.72 µm patch adjacent to the membrane in the bleached zone. We worked with the assumption that there are 3000 and 1000 available binding sites for CheY and CheZ respectively, derived from the molecule numbers measured in wt cells, 4500
CheA L and 2200 CheA S monomers (Li and Hazelbauer, 2004) . CheY binds to the CheA P2 domain (Swanson et al., 1993) , which is present in both translational variants; one or M A N U S C R I P T
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10 two CheY molecules each will therefore be able to bind to most of the 3350 dimers of any composition. CheZ binds selectively to the truncated P1 domain of CheA S (Cantwell et al., 2003; Wang and Matsumura, 1996) ; assuming unbiased dimerisation efficiency, 
RESULTS
Localization of Fluorescent Protein Fusions
Immobilized cells of E. coli strains VS100/pVS18, expressing CheY-YFP, and BC200, expressing CheZ-GFP, exhibited pronounced localization of their fluorescence, in accordance with previous studies (Cantwell et al., 2003; Sourjik and Berg, 2000) . While we did not attempt to subdivide the observed clusters into polar clusters versus the more diffuse patches (Skidmore et al., 2000; Sourjik and Berg, 2000) , our impression was that the large majority of the clusters were tight rather than diffuse. The distribution of the clusters in the cell population was heterogeneous in both cases. Within one population, bacteria with uniform, mono-polar or bi-polar clustered fusion protein distributions were all found. Cell-to-cell variation in expression level may account, in part, for this heterogeneity.
The population fraction for the three distribution types for CheZ-GFP was found to depend on the level of induction. At a physiological expression level, i.e. the IPTG concentration needed to obtain wildtype chemotactic behaviour (1mM), c. 90% of the cells had at least one clear cluster (Figure 2) . At reducing the inducer concentration, only c. 25% of cells displayed any clustering, but at increasing it 10 fold, no significant change what observed. This implies that the distribution obtained at physiological levels was close to saturation and that the lack of clusters in a proportion of the cells has to be due to other reasons than expression levels, such as dynamic protein localisation of CheZ in response to signalling state (Lipkow, 2006) . IPTG levels needed to obtain physiological levels of the fusion proteins were used for the FRAP studies. 
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Determination of Diffusion Coefficients
To measure cytoplasmic dynamics for the two proteins independently from their association with the polar cluster, we chose cells lacking polar clusters from the experimental population. We laser photo-bleached part (ca. 1/3) of the cells (Figure 3A) .
Ten or more cells were bleached for each of the CheY-YFP and CheZ-GFP cell populations. From each set, 5-6 example traces are shown in Figure 4A and B. The recovery trajectories are very noisy, and only those for CheY-YFP were suitable to be fitted by single exponentials (1 -Ae -Bt ) as expected (Elowitz et al., 1999) . The decrease in fluorescence intensity of CheZ-GFP in response to photo-bleaching was less relative to the decrease observed with CheY-YFP, consistent with the three-fold higher photostability of EGFP versus EYFP (Shaner et al., 2007) .
The FRAP recovery data in cells lacking clusters were modelled based on the assumption that the molecules were homogenous (had a single diffusion coefficient) in an isotropic environment. We created in silico cells of the volume and proportions of E. coli cells and populated them randomly with our best estimation of CheY-YFP or CheZ-GFP molecule numbers (16,000 and 1,600 respectively, see Materials and Methods). As above, we simulated the photobleaching event by simultaneously converting a fraction of the molecules in one third of the cell to a differently coloured species ( Figure 5A ). Both the volume and the fraction of molecules bleached was based on our FRAP experiments.
Coloured and bleached molecules were allowed to continue diffusing with the same diffusion coefficient, and their distribution throughout the cell was recorded.
Simulated recovery curves show the same level of noise as the experiments (Figure 6) . We ran the simulations with a series of diffusion coefficients, in five M A N U S C R I P T
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13 repetitions each. For CheY-YFP, these could be fitted by single exponentials. Both the exponential fits and the shape of the recovery traces were closest to the experimental measurements at a diffusion coefficient of 2 µm 2 s -1 (Figure 6A ,B, compare with Figure   4A ).
Due to the 10x lower molecule numbers, the CheZ-GFP curves are a lot nosier.
The mean standard deviation for the CheZ-GFP traces is about 5%, while that for the CheY-YFP traces should be (10) 0.5 = 3.3 times smaller, consistent with our observations.
The best match between simulated and experimentally measured curves was achieved with a diffusion coefficient of 2 µm 2 s -1 ( Figure 6C , compare with Figure 4B ).
Determination of Binding Coefficients
Ten cells in each strain with a polar cluster were chosen for FRAP study of the interaction dynamics of the proteins with the cluster. The cluster was more prominent in CheZ-GFP containing cells due to a lower cytosolic background, compared to cells expressing CheY-YFP when the proteins were expressed at physiological concentrations.
When a cytosolic region was photo-bleached in CheY-YFP localized cells, the entire cell's fluorescence rapidly diminished, implying that the clustered CheY-YFP exchanged rapidly with the cytosolic pool. Most FRAP-curves of clustered CheY-YFP exhibited near-complete recovery, but at a slower rate than the cytosolic CheY-YFP in diffuse cells ( Figure 4C ).
Polarly localized CheZ-GFP exhibited a radically different behaviour than diffuse
CheZ-GFP or polarly-localized CheY-YFP ( Figure 4D) . The laser photo-bleaching pulse created a dark pole that lasted for at least 20 s without appreciable recovery ( Figure   3B ). An initial, slight recovery was presumably due to exchange of CheZ-GFP M A N U S C R I P T Next, we estimated the affinities needed to make clusters visible over the cytoplasmic background. Brownian dynamics simulations by Northrup and Erickson (1992) revealed that due to the stereo-specificity of such interactions, the typical diffusion-limited on rate (k on ) for protein-protein associations is ca. (2-6)x10 6 M -1 s -1 .
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This was fixed at 6x10 6 M -1 s -1 and the dissociation constant, K D , changed by changing k off . We found that visible clusters will only be observed if the K D for CheY and CheZ is < 10 µM (k off < 10 2 s -1 ). At saturation, a CheZ-GFP cluster will be much brighter than the CheY-YFP cluster relative to the cytosolic background; due to the fact that the pool M A N U S C R I P T 
DISCUSSION
4.1
Our strategy shows the application of simulations as a powerful new technique to extract quantitative information from complex experimental data. Demonstrating the detail of our method, the level of noise we observed was comparable in experiments and simulations. This confirms the published numbers (Cantwell et al., 2003; Li and Hazelbauer, 2004; Sourjik and Berg, 2002a) and means also that the noise was due to the low number of molecules and inherent stochasticity, and not due to potential limitations of the equipment.
Conducted within the time-constraints of a summer course, we only managed a limited number of repetitions and used unconfirmed estimates for some of the numbers that went into our model. Nevertheless, our results are within the same order of magnitude as a more thorough study that was carried out in the meantime (Schulmeister et al., 2008) , and our diffusion coefficient for CheY-YFP is even within the margin of error of their best estimate. They also chose to use numerical methods to quantify their complex FRAP data.
Our estimated apparent diffusion coefficient for CheY-YFP is lower than that determined for GFP-CheY (4.6 µm 2 s -1 ) in Salmonella typhimurium (Cluzel et al., 2000) and than the normally assumed value of 10 µm 2 s -1 (Sourjik and Berg, 2002a) . The difference between the experimentally determined and calculated values could be due to a number of factors such as concentration effects (Elowitz et al., 1999) , macromolecular crowding (Hall and Minton, 2003) and interactions with other cytoplasmic proteins, M A N U S C R I P T and CheZ (24 kDa), and might well dominate the diffusion properties of the fusion proteins.
A C C E P T E D ARTICLE IN PRESS
FRAP of cytosolic and clustered proteins is not the only technique that can be enhanced by Smoldyn simulations. We already used it to quantify the clearance of antibody-labelled membrane proteins in auditory hair cells (Grati et al., 2006) . Other suitable kinetic microscopy techniques include photoactivation or photoconversion, FRET (Förster resonance energy transfer), FLIP (fluorescence loss in photobleaching), and FCS (fluorescence correlation spectroscopy). Photoactivation and photoconversion are alternate methods to photobleaching for visualizing a subpopulation of molecules by selectively initiating or altering fluorescence emission profiles (Lukyanov et al., 2005) .
FRET is a distance-dependent transfer of energy between an excited donor molecule and an acceptor molecule and a widely used technique for determining protein-protein interactions as well as conformational changes within a protein (Piston and Kremers, 2007) . In FLIP, a small region of the cell is repeatedly photobleached while the loss in 
Conclusion
Fluorescent microscopy has contributed tremendously toward our understanding of the inner workings of a cell and brought to light much of the inherent intricate structural complexity. It is this aspect that now makes accurate quantification of microscopy data hard to do by conventional methods. We show a first instance of how to add back some of that structural complexity into the analysis process. 
